The Piepkorn type of lethal osteochondrodysplasia (POCD) is a rare and lethal dwarfing condition.
and boomerang dysplasia (BD), POCD has been assigned to the category of giant cell chondrodysplasias (AO-BD-POCD spectrum) (Oostra et al., 1999) or, as the "Piepkorn type of BD (Canki-Klain et al., 1992;  Superti-Furga, Unger, & Nosology Group of the International Skeletal Dysplasia Society, 2007; Urioste et al., 1997) or of type 1 atelosteogenesis" (Warman et al., 2011) , was thought to represent a severe manifestation of these disorders.
Heterozygous mutations in the filamin B gene (FLNB, MIM *603381) in 3p14.3, cause dominant BD (MIM #112310), atelosteogenesis 1 and 3 (MIM #108720 and #108721), Larsen syndrome (LS) (MIM #150250), seemingly isolated congenital talipes equinovarus and recessive spondylocarpotarsal synostosis (MIM # 272460) (Bicknell et al., 2005; Daniel et al., 2012 , Yang et al., 2016 Krakow et al., 2004) .
Filamins are intracytoplasmic actin-binding proteins that regulate the structure and activity of the cytoskeleton by crosslinking F-actin fibrils into a membrane-bound three-dimensional cytoskeletal network.
As a leading scaffold for intracellular signaling and protein trafficking pathways, it also interacts with intracellular proteins and thereby regulates cytoskeleton-dependent cell proliferation and differentiation (Cunningham et al., 1992; Krakow et al., 2004; Nakamura et al., 2011; Stossel et al., 2001; Van der Flier & Sonnenberg, 2001) . FLNB is strongly expressed in epiphyseal growth plate chondrocytes and developing vertebral bodies. It contains an N-terminal actin-binding domain (ABD) with two calponin homology subdomains CH1 and CH2, followed by 24 immunoglobulin-like tandem repeats (R1-24) and two flexible hinge regions: hinge 1 between R15 and 16 and hinge 2 between R23 and 24 (Chakarova et al., 2000) . Mutations are thought to disrupt enchondral ossification by a yet unknown mechanism. The ABD and the FLNB repeat regions R14 and R15 represent mutational hot spots for the dominant FLNB-related skeletal disorders.
We present three fetuses and a 106-year-old formalin-fixed exhibit with the Piepkorn type of osteochondrodysplasia and the first FLNB mutations reported in association with this condition.
| M A TE RI A L S A ND M E TH ODS
Fetal Cases 1-3 are from the "Fetal Pathology Working Group" at the Institute of Pathology in Marburg, where they were sent from obstetric departments in Germany (Hannover, Oldenburg, and Leverkusen). The fetal autopsies included X-rays, alcian blue cartilage staining of the limbs, histology, and photographic documentations (for details, see Schoner et al., 2017; and Primer sequences used for PCR and sequence analyses can be provided on request. The same procedure was applied to analyze the SOX9 (MIM *608160), SF1 (MIM *601516), DHH (MIM *605432), and CBX2 (MIM *602770) genes in Case 3. DAX1 (MIM *300473) and the SRY (MIM *480000) region were investigated by fluorescence in situ hybridization and array comparative genomic hybridization.
| RE S U L TS

| Clinical reports
Fetus 1 was the second conceptus of a 38-year-old woman and her 52-year-old husband, both with mild intellectual disabilities, the mother because of reported perinatal hypoxia (see Table 1 ). The unrelated couple was of German origin. The family history was uneventful. A first pregnancy had been terminated for unknown reasons. Prenatal ultrasound during the second pregnancy, performed at 21 1 3 weeks of gestation, identified a hydropic fetus with tetraphocomelia and abnormal facies (Figure 1a ). The fetal karyotype was normal, 46,XX. The pregnancy was terminated at 21 1 5 weeks. No information could be obtained about any further pregnancies.
Fetus 2 was the third conceptus of a 42-year-old gravida III/para I and her nonconsanguineous 46-year-old husband (see Table 1 ). The couple is of German descent. The family history was uneventful. The firstborn son is healthy. The second pregnancy ended in an early miscarriage. Prenatal ultrasound at 13 1 4 and 15 1 5 weeks of gestation of the third pregnancy revealed fetal hydrops, hygroma colli, and lacking limbs with hands and feet, almost attached to the trunk (Figure 1b ).
The chromosomes were normal, 46,XX. The pregnancy was terminated at 15 1 6 weeks. There were no subsequent pregnancies.
Fetus 3 was the first conceptus of a 36-year-old woman and her unrelated, 46-year-old husband, both of German origin (see Table 1 ).
The pregnancy had been complicated by a maternal parvovirus B19 infection. Prenatal ultrasound at 15 1 0 weeks of gestation revealed fetal hydrops, excessive shortening of the limbs, and underossification of the vertebrae, leading to the tentative diagnosis of achondrogenesis ( Figure 1c ). The pregnancy was terminated at 16 weeks. The fetus was Figure 1d ). Gestational age was estimated as 32 weeks (see Table 1 ).
| Autopsy
The three fetuses in These bone models were short and thick but straight, separated by a narrow slit without regular joint formation. The cartilage anlages in the legs were in an acute angular position (Figure 3h 5 Case 1).
No autopsy was performed on the exhibit. 
| Alcian blue cartilage staining
Alcian blue staining of the right hand and foot (Cases 1 1 3) 
| Histological findings
The hyaline cartilages from the right lower limb (Cases 1-3) and the right hand (Case 2) showed no endochondral or perichondrial ossification or mineralization. There were monomorphic, evenly distributed chondrocytes with high cellularity in the peripheral parts (Figure 4a (Figure 4c ). True multinucleated stellate giant chondrocytes were found in our AO1 case with the CH2 mutation (Figure 4d ).
| FLNB gene molecular analysis
In the three analyzed fetuses a heterozygous mutation was detected in the FLNB gene. All identified variations resulted in missense mutations. (Kozlowski et al., 1981) .
In addition, mutations in the SOX9, SF1, DHH, and CBX2 genes in Larsen syndrome, seemingly isolated congenital talipes equinovarus and recessive spondylocarpotarsal synostosis (Daniel et al., 2012; Krakow et al., 2004; Yang et al., 2016) . However, our three fetal cases are the first cases of POCD in which FLNB mutations were found.
The features observed in POCD allow its classification as a distinct entity within the spectrum of giant cell osteochondrodysplasias. BD and AO1 are characterized by nonossification of all parts or of the "distal ends" of the humeri and femora, displaying a missing or seemingly global (BD) or squared and blunt (AO1) structure and associated with attenuated and shortened (in BD, bowed or boomerang like) ulnae, radii, and/or single lower leg bones, and by platyspondyly and abnormal vertebral segmentation (Farrington-Rock et al., 2006; Hunter & Carpenter, 1991; Sillence, Worthington, Dixon, Osborn, & Kozlowski, 1997) . However, absolutely no ossification was found in the long tubular bones and vertebrae, excluding the lateral pedicles, of our POCD fetuses. A single cartilage anlage could be identified in the upper and lower arms and legs by direct preparation. These were short and bulky but straight and distinctly separated with missing joint formation, and the ones in the legs were in an acute angular position.
In BD and AO1, the short tubular bones have been described as very short, with predominantly the middle phalanges (BD) but in severe Urioste et al. (1997) . However, we did not find true multinucleated giant chondrocytes in our POCD cases, except for one single giant cell-like stellate chondrocyte in Case 1, although, we recognized many giant chondrocytes in an even younger case of AO1 with the FLNB mutation localized in the CH2 region (Figure 4d ).
According to the listing of 67 probands with FLNB mutations by Daniel et al. (2012) , the responsible mutations in all three BD cases FIG URE 5 AP fetograms of two male fetuses, one with AO1 at 16 1 2 weeks of gestation (a) and one with BD at 35 weeks of gestation (b,c). There is absent or distally lacking ossification of the humeri and femora, respectively, shortened ulnae and radii, single and shortened lower leg bones, and deficient ossification of the vertebrae and of the short tubular bones with the exception of the distal phalanges, short ribs, and small scapulae and pelvic bones-the clavicles being of almost normal size. The BD case presents with boomerang-like ulnae and radii (b), and with distinctly angulated, seemingly separated (see arrow) leg bones (c) and missing halluces (Kozlowski et al., 1981-copyright by Springer Nature) analyzed (100%), in 16 of 19 AO1 cases (87%), in 6 of 13 AO3 cases (46%), and in 12 of 37 LS cases (34%) reside in exons 2 and 3 encoding CH2. CH2 represents one of the two subdomains of the ABD, which mediate and modify F-actin binding and crosslinking. As gain-offunction mutations, they have been shown responsible for giant chondrocytes, enhanced actin avidity and for filamin-actin-containing cytoplasmic focal accumulations, whose amounts correlate with disease severity (Daniel et al., 2012; Sawyer, Clark, Robertson, & Sutherland-Smith, 2009 ). By contrast, the heterozygous missense mutations of our three POCD fetuses were located in the immunoglobulin-like repeat 15 encoded by exons 28 and 29 of the FLNB gene. R15 was also the mutation site of one of the listed AO1 cases, four AO3 and five LS cases (Daniel et al., 2012; Farrington-Rock et al., 2006; Krakow et al., 2004) . In fact, the only listed AO1 mutation affecting R15 presented with the same nucleotide position (c.5095), though with a different mutation type, namely a C > T transition (p.(Pro1699Ser)) in the AO1 case (Daniel et al., 2012 ) and a C > A transversion (p.(Pro1699Thr)) in our POCD Case 2. Mutations presenting with a same nucleotide site, but with a different amino acid exchange have already been described to cause different FLNB-related disorders. But identical mutations have also been reported, causing both, AO1 and AO3 (c.604A > G), AO3 and LS (c.5071G > A) or even AO1, AO3, and LS (c.502G > A) (Bicknell et al., 2005; Daniel et al., 2012; Farrington-Rock et al., 2006; Krakow et al., 2004) . This could be due to the unspecificity of these FLNB mutations not being solely responsible for the phenotype, but needing additional genetic or epigenetic modifiers.
Since immunocytochemical examinations of cases with mutations affecting R14 and R15-including the AO1 case with the c.5095C > T mutation-did not demonstrate filamin-actin-containing focal accumulations in chondrocytes and, as shown in our cases, lack true multinucleated giant cells, the pathogenetic mechanisms resulting from these mutations are thought to differ from the gain-of-function mutations that affect CH2 (Daniel et al., 2012) .
In campomelic dysplasia, XY sex reversal and skeletal dysplasia may be associated because of the regulatory function of the responsible SOX9 gene on COL2A1 gene expression (Bell et al., 1997) . No similar functional relationship between FLNB and a sex-determining gene is known, and so far, sex reversal has not been observed in any of the FLNB-related disorders. Thus, we must assume that the association of POCD and XY sex reversal in our Case 3 is coincidental.
Our results show that the Piepkorn type of osteochondrodysplasia is a distinct clinical entity presenting with the most severe phenotype within the LS-AO3-AO1-BD-POCD continuum and is characterized by POCD-specific morphological and radiological features and by mutations in exons 28 and 29 of the FLNB gene, which encode the repeat region R15 of the filamin B protein. Because of the small number of POCD cases having been analyzed, this does not contradict the view, that exons encoding CH2, R14 and R15 represent hot spots for mutations that cause ossification disorders of almost identical phenotypes by different pathomechanisms (Daniel et al., 2012) .
Within the setting of a new classification of skeletal dysplasias, sharing common genetic pathways, there have been efforts to reduce nosological designations, as for example, to assign the different FLNB-related severe manifestations of underossification to one term, namely to AO1 (Warman et al., 2011) . This may be justified from a development-oriented approach. From the perspective of prenatal diagnosticians or fetal pathologists, who are confronted with the most severe, prenatally lethal conditions of skeletal dysplasias, distinct recognizable features that can be associated with designated phenotypic pictures might be more helpful for rapid diagnostic decisions and goal directed molecular analyses. Thus BD will easily be diagnosed in the presence of boomerang-like tubular bones, AO1 in the presence of nonossification of "distal parts" of tubular bones and we hope that flipper-like limbs, complete enchondral nonossification of tubular bones and vertebrae and preaxial oligodactyly associated with polysyndactyly of each of the remaining finger rays will become keyfeatures for the diagnosis of POCD. For this reason the original terms should be maintained to enable prenatal diagnosticians to differentiate between severe skeletal dysplasias, between hydropic fetuses with cystic hygromas and to distinguish between different grades of severity within nosological entities that each are defined by a distinct phenotype.
